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FRQIXVLRQ ZKLOH UHGXFLQJ WKH HUURU H[SHFWDWLRQ &RQYROXWLRQDO FRGH SURYLGHV DQ HUURU FRUUHFWLQJ HVWLPDWH WKDW JRHV DV IUHH GLVWDQFH ,Q
SDUWLFXODUWKHIUHHGLVWDQFHPHWULFFDQEHXVHWRGHWHUPLQHWKHHUURUFRUUHFWLQJHVWLPDWLRQ7KLVTXDQWLW\HQFRPSDVVHVDOORIWKHNQRZOHGJHRI
WKHHQFRGHU+HQFHE\REVHUYLQJWKHFKDQJHLQIUHHGLVWDQFHGXULQJWKHSHUFHSWLYHSKDVHRIDQHQFRGLQJV\VWHPRQHFDQGHWHUPLQHZKLFK
HQFRGHU LV PRVW LQVWUXPHQWDO LQ SURGXFLQJ EHWWHU HUURU FRUUHFWLQJ SHUIRUPDQFH >@ 7KH DYHUDJH FRPSOH[LW\ LQFUHPHQW SHU  ELWV
ǻ/=&$9(LVFRPSXWHG7KLVLVWKHTXDQWLW\IURPZKLFKWKHQRUPDOL]HG/=FRPSOH[LW\IRUODUJHVHTXHQFHOHQJWKFDQEHHVWLPDWHG>@
7KHH[DFWVWHSVUHTXLUHGWRFRPSXWHWKH/=FRPSOH[LW\RIFKDRWLFHQFU\SWHGDQGHQFRGHGLQIRUPDWLRQDUHJLYHQE\WKHIROORZLQJDOJRULWKP
FRPSXWHWKHPDVNIXQFWLRQDSSO\PDVNIXQFWLRQHQFRGHGDWDIRUDOO615GRFRPSXWH%(5IRUDOO/M6FRPSXWH&6
 FRPSXWH ǻ/=&$9(  HVWLPDWH /=&16 ZKHQ 6ĺODUJH  GHFRGH GDWD:H QRWLFH WKDW WKH WLPH UHTXLUHG E\ WKH EDVLF DULWKPHWLF
RSHUDWLRQV DQG WKH GHFRGLQJ ORJLF LV KLJKHU ZKHQHYHU FRGHV ZLWK ODUJH IUHH GLVWDQFH KLJKHU /=& DUH DSSOLHG 7KLV UHYHDOV WKH WLPH
FRPSOH[LW\RIWKHGHFRGLQJSURFHVV:HDSSO\FKDRWLFHQFU\SWLRQRQWKHîELWVILVKLPDJHXVLQJORJLVWLFPDSDVDPDVNJHQHUDWRUZLWK
ȝ    7R VLPXODWH WKH FKDQQHO QRLVH WKH VLJQDOWRQRLVH UDWLR LV YDULHG IURP  G% WR  G%ZLWK LQFUHPHQWV RI  G%  7R WHVW WKH
DOJRULWKPLF FRPSOH[LW\ DVZHOO DV ELW HUURU UDWH %(5SHUIRUPDQFHRI WKHSURSRVHGPHWKRGRQPXOWLSOH HQFRGHUV D0$7/$% VRIWZDUH
PRGHO LV EXLOW7KH0$7/$%PRGHO KDV WKH IROORZLQJ LQSXWV WKHFRQVWUDLQW OHQJWK. WKH UDWH WKHJHQHUDWRU SRO\QRPLDOV WKHGHFRGLQJ
OHQJWK/DQGWKH615(E1LQG%7KH615YDOXHLVYDULHGIURPG%WRG%ZLWKVWHSVL]HLQFUHPHQWRIRQHG%6HOHFWHGHQFRGHUV
DUHFRGH>@FRGH>@FRGH>@FRGH>@>@DQGFRGH>@>@7KHUHVXOWVRI
DOJRULWKPLFFRPSOH[LW\DQDO\VLVDUHVXPPDUL]HGLQ7DEOH7KH/=FRPSOH[LW\DQDO\VLVUHVXOWVRIWKHVHOHFWHGFKDUDFWHUVL]HIRUGLIIHUHQW
UDWHVRIFRQYROXWLRQDOHQFRGHUVDUHVKRZQLQ)LJXUH$VH[SHFWHGDOOFRGHVKDYHH[SRQHQWLDOLQFUHDVHZLWKFKDUDFWHUELWVL]HEXWFRGH
KDVWKHPRVWFRPSOH[UHVSRQVHWRWKHLQSXWGDWDDQGWKHFRGHKDVWKHOHDVWFRPSOH[UHVSRQVH1RWHWKHWUXHVL]HRIGDWDIRUUDWHLVWKUHH
WLPHVWKHRULJLQDOFKDUDFWHUVL]HLQELWV7KDWLVWKHUHDVRQZK\WKHDOJRULWKPLFFRPSOH[LW\RIWKHRULJLQDOFKDUDFWHULVOHVVWKDQWKHFRPSOH[LW\
RIVHULHVDQGFRGHV$OVRFRPSOH[LW\GRHVQRWSHUIRUPYHU\ZHOORQFKDUDFWHUVL]HVOHVVWKDQELWV7KHFRGHSHUIRUPDQFHLQWKHUDQJH
RIWRELWFKDUDFWHUVL]HVDUHLQDQDFFHSWDEOHUDQJHZKLOHWRELWVGHPRQVWUDWHWKHRSWLPXPFRPSOH[LW\FODVVIRUWKHJLYHQVHW
RIHQFRGHUV,QDGGLWLRQFRGHVHULHVKDVWKHEHVWRXWSXWIRUELWFKDUDFWHUVL]HZLWKDFRPSOH[LW\JURZWKRIXQLWVIURPELW
FKDUDFWHUVL]H1RWHWKHRULJLQDOPHVVDJHKDVEHHQELWVWXIIHGWRPDNHWKHPHVVDJHORQJHULQVL]H,QWKHFDVHRIDUHDOGDWDVWUHDPWKHYDULHW\
ZLOOEHKLJKHUKHQFHWKHHQFRGHURXWSXWUHVSRQVHZLOOKDYHKLJKHUFRPSOH[LW\)RUWKLVWULDOWKHV\VWHPSURPSWO\DFKLHYHVWKHGHVLUHGJRDO
 
(QFRGHG,PDJH7UHOOLV>@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7DEOH9DULRXVUDWHFRQYROXWLRQDOFRGHVDQGWKHLUFRPSOH[LW\PHDVXUHVIRUVHOHFWHGFKDUDFWHUVL]HGDWD

(QFRGHU /=&RPSOH[LW\
&KDUDFWHU6HULHV6L]HELWV         
&>@         
&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        
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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   
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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



)LJXUH9LWHUELGHFRGHU/=FRPSOH[LW\SHUIRUPDQFHRQ$:*1FKDQQHOZLWK ORJLVWLFFKDRVHQFU\SWLRQȝ YHUVXVGLIIHUHQWPHVVDJH
EORFNVL]H&RGHV&>@&>@&>@&>@>@&>@>@

6DPSOHV RI HQFRGHG GDWD DUH VKRZQ LQ )LJXUH  IRU&> @ DQG&>@ DQGGHFRGHG UHVXOWV DUH JLYHQ LQ
)LJXUH  ZKHQ FKDRWLF VWDWH LV XVHG WR HQFU\SW DQG GHFU\SW WKH GDWD 7KH GHFRGHU LV DEOH WR UHFRYHU WKH HQFU\SWHG GDWD DQG LV DEOH WR
UHDVRQDEO\HVWLPDWHWKHELWHUURUUDWHIRUGLIIHUHQWVLJQDOVWUHQJWKVXQGHUDQRLV\$:*1FKDQQHO7KLVLQGLFDWHVWKDWWKHHQFRGHUFDQXSGDWH
WKHLQIRUPDWLRQPDSLQUHDOWLPHWRFRPSHQVDWHIRUFKDQJLQJGDWDIRUFKDRWLFVWDWHV7KLVLVWKHHYLGHQFHWKDWRFFDVLRQDOFKDQJHVLQWKHGDWD
VWUHDPFDQEHKDQGOHGE\WKHGHFRGHULQDUHDOWLPHDSSOLFDWLRQ



)LJXUH&KDRWLFHQFU\SWHG
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
)LJXUH&>@&>@


&RPSOH[LW\DQDO\VLVRIWKHEHVWUDWH

:H VXPPDUL]H WKH VLPXODWLRQ UHVXOWV WR SURYLGH D FRPSOHWH SLFWXUH RI WKH RYHUDOO SHUIRUPDQFH RI EHVW UDWHQ FRGHV :H KDYH
FDOFXODWHG WKH FRPSXWDWLRQDO FRPSOH[LW\RI HDFKGHFRGLQJ DOJRULWKPDQG FRPSDUHG WKH UHVXOWV WR DQ DOWHUQDWLYH DOJRULWKP7KH IROORZLQJ
DUJXPHQWSURYLGHVDQH[SODQDWLRQIRUWKHFRPSXWDWLRQDOFRPSOH[LW\LQFUHDVHDVFRQVWUDLQWOHQJWKLQFUHDVHV&RQVLGHUDELQDU\FRQYROXWLRQDO
FRGHZLWKRQHLQSXWVWUHDPOLQHN DQGFRQVWUDLQWOHQJWKRI.LVGHFRGHGE\PHDQVRIWKH9LWHUELDOJRULWKPWKHUHZLOOEH.VWDWHV
+HQFHWKHUHDUH.VXUYLYLQJSDWKVDWHDFKVWDJHDQG.PHWULFVRQHIRUHDFKVXUYLYLQJSDWK)XUWKHUPRUHDELQDU\FRQYROXWLRQDOFRGH
LQZKLFKRQHELWN DWDWLPHLVVKLIWHGLQWRDQHQFRGHUWKDWFRQVLVWVRI.ELWVKLIWUHJLVWHUVWDJHVJHQHUDWHVDWUHOOLVWKDWKDV.VWDWHV
&RQVHTXHQWO\ WKH GHFRGLQJ RI VXFK D FRGH E\PHDQV RI WKH9LWHUEL DOJRULWKP UHTXLUHV NHHSLQJ WUDFN RI . VXUYLYLQJ SDWKV DQG .
PHWULFV$WHDFKVWDJHRIWKHWUHOOLVWKHUHDUHWZRSDWKVWKDWPHUJHDWHDFKQRGH6LQFHHDFKSDWKWKDWFRQYHUJHVDWDFRPPRQQRGHUHTXLUHV
WKHFRPSXWDWLRQRIDPHWULFWKHUHDUHWZRPHWULFVFRPSXWHGIRUHDFKQRGH2XWRIWKHWZRSDWKVWKDWPHUJHDWHDFKQRGHRQO\RQHVXUYLYHV
DQG WKLV LV WKHPRVWSUREDEOH PLQLPXPGLVWDQFHSDWK7KXV WKHQXPEHURIFRPSXWDWLRQV LQGHFRGLQJSHUIRUPHGDWHDFKVWDJH LQFUHDVHV
H[SRQHQWLDOO\ZLWK FRQVWUDLQW OHQJWK . >@2XUQXPHULFDO HYLGHQFH LQGLFDWHV FOHDUO\ DOJRULWKPLF FRPSOH[LW\ DVVRFLDWHGZLWKSDUWLFXODU
UDWHQ FRQYROXWLRQDO HQFRGHUV LQFUHDVHV DV FRQVWUDLQW OHQJWK LQFUHDVHV )LJXUHV  DQG ZKLOH HUURU FRUUHFWLQJ FDSDFLW\ RI WKH GHFRGHU
H[SDQGV )LJXUH7KLV SURYHV WKDW DOJRULWKPLF FRPSOH[LW\ LV D VXLWDEOHPHDVXUHRI WKHTXDOLW\ IDFWRU DORQJZLWKRWKHUPHDVXUHVRI WKH
ZHLJKWVWUXFWXUHRIWKHFRGH)RUH[DPSOHZKHQPD[LPXPOLNHOLKRRGGHFRGLQJLVXVHGWKHRSWLPXPZHLJKWVWUXFWXUHLVWKDWZKLFKKDVWKH
PLQLPXP QXPEHU RI ELW HUURUV LQ WKH SDWKV WKURXJK WKH FRGH WUHOOLVZKLFK DUH FORVHVW WR RQH DQRWKHU LQ+DPPLQJ GLVWDQFH DQG WKH IUHH
GLVWDQFHLVWKHPLQLPXP+DPPLQJGLVWDQFHEHWZHHQWKHFRGHZRUGVRQDQ\WZRSDWKVWKURXJKWKHWUHOOLV&RQFHUQLQJDJURXSRIYDULRXVUDWH
QFRQYROXWLRQDOHQFRGHUVZHILQGWKDWDVWKHQXPEHURIRXWSXWVWUHDPVQLQFUHDVHVIURPRUQGHFUHDVHVIURPWRUDWHFRGHVIUHH
GLVWDQFHDOVRLQFUHDVHVZKLOHWKHHQFRGHGGDWDVHTXHQFHPDQLIHVWVORZFRPSOH[LW\LQLWVDOJRULWKP7XUQLQJEDFNWR)LJXUHVDQGQRWLFH
WKDWWKHFRGHV&&&H[SOLFLWO\KDYHDFKLHYHGWKHEHVWDOJRULWKPLFFRPSOH[LW\SHUIRUPDQFH,QSDUWLFXODUWKHVHVFKHPHVKDYH
DWPRVWGLIIHUHQFHLQWKLV/=&IDFWRUEXWWKHLUGLIIHUHQFHLQHUURUFRUUHFWLQJFDSDFLW\LVVLJQLILFDQW)RUH[DPSOH&KDVOHVV
HUURU FRUUHFWLQJ FDSDFLW\ WKDQ& & KDV  OHVV WKDQ& DQG& KDV  OHVV WKDQ& 6LPLODU REVHUYDWLRQ LQ WKH
SHUIRUPDQFHRI&&&&&& LQGLFDWHV WKDWGHVSLWH WKHVLJQLILFDQWGLIIUHQFH LQHUURUFRUHFWLQJSHUIRUPDQFH WKH
DOJRULWKPLFFRPSOH[LW\RIWKHGHFRGHURXWSXWVHTXHQFHKDVDOPRVWVDPHSHUIRUPDQFH$GGLWLRQDOO\LWLVHQFRXUDJLQJWKDWWKHFODVVUDWH
FRGHV RQO\ UHTXLUH DPRGHVW QXPEHU RI RSHUDWLRQV LQ SDUWLFXODU FRQVLGHU & ZLWK DPRGHVW /= FRPSOH[LW\ HVWLPDWLRQ DQG JRRG IUHH
GLVWDQFHDQGEHWWHUWLPHFRPSOH[LW\DFKLHYHPHQWFRPSDUHGWRDOOFRGHVLQFODVVHV&&DQGVRPHFRGHVLQFODVV&VXFKDV&M
FRGHV7KHVXFFHVVRIWKHEHVWUDWHQVFKHPHVDUHUHLQIRUFHGE\)LJXUHVWKURXJK)LJXUHLOOXVWUDWHVWKHGIUHHIRUWKHEHVWUDWHQFODVV
FRGHV)LQDOO\ REVHUYH WKDW DV H[SHFWHG WKH FODVV& HQFRGLQJ VFKHPHPDLQWDLQV D ORZHU HVWLPDWLRQ LQ/=FRPSOH[LW\DWPRVW RI WKH
FRQVWUDLQWOHQJWKVWKDQDQ\RWKHUVFKHPHH[FHSWVRPHFRGHVLQFODVV&DVVKRZQLQ)LJXUH7KHVLPXODWLRQVKDYHFRQILUPHGWKDWERWK
FRGHGHVLJQDQGFRQVWUDLQWOHQJWKDUHFRQWURODUFKLWHFWXUDOSDUDPHWHUVWKDWKDYHVLJQLILFDQWHIIHFWRQV\VWHPSHUIRUPDQFH7KHVHFRPSRQHQWV
RIWKHXQLILHGSHUIRUPDQFHHYDOXDWLRQGLVFXVVHGKHUHKDYHSURYHGWREHEHQHILFLDOIRUDV\VWHPRSHUDWLQJLQUHDOLVWLFVLPXODWLRQV

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)LJXUH&ODVVHVRIYDULRXVUDWHQFRQYROXWLRQDOHQF
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&RQFOXVLRQ
:HKDYHSUHVHQWHGDQRYHUYLHZRIFRQYROXWLRQDOHQFRGHUVZLWKFKDRWLFHQFU\SWHGGDWDLQDVHFXUHGLJLWDOFRPPXQLFDWLRQV\VWHP7KLV
ZRUN GLUHFWO\ EXLOGV RQ WKH JHQHUDO LGHD RI DOJRULWKPLF FRPSOH[LW\ RI GDWD VHTXHQFHV JHQHUDWHG IURP D FDVFDGH RI D RQHVWDJH FKDRWLF
FU\SWRV\VWHPXVLQJDPDVNLQJWHFKQLTXHDQGDRQHVWDJHFRQYROXWLRQDOO\HQFRGLQJPHFKDQLVP:HKDYHGHVLJQHGDQGDSSOLHGDVLPXODWLQJ
SURJUDPWKDWHYDOXDWHVWKHHIILFLHQF\DQGSHUIRUPDQFHRIWKLVPHFKDQLVP2QHSURSRVHGDSSOLFDWLRQLVIRUWUDQVPLWWLQJGDWDRQWRSRIDQRQ
JXDUDQWHH SURWRFRO WKURXJK WKH LQWHUQHW IRU SURYLVLRQ HIILFLHQW DQG VHFXUH UHDOWLPH DQG PXOWLPHGLD DSSOLFDWLRQV 7KH FU\SWRV\VWHP LV
GHVLJQHG EDVHG RQ FKDRWLF VWDWHV 7KH RXWSXW VLJQDO FDQ EH XVHG WR FRQVWUXFW DQ XQSUHGLFWDEOH YDOXH IRU PL[LQJ ZLWK RULJLQDO GDWD IRU
HQFU\SWLRQDQGGHFU\SWLRQ6LPXODWLRQVIRUWKHYDULRXVW\SHVRIFRQYROXWLRQDOHQFRGLQJDUHSUHVHQWHGWRGHWHUPLQHWKHELWHUURUUDWHIRUHDFK
W\SH LQ FRQMXQFWLRQZLWK WKHXVHRI WKH HQFRGLQJ VWUDWHJ\7KLVPHWKRG FDQEHXVHG WR FUHDWH KLJKHU FRPSOH[LW\E\ DSSO\LQJPXOWLVWDJH
FKDRWLFHQFU\SWLQJDQGRUFRQFDWHQDWLQJFRQYROXWLRQDOHQFRGHUXQLWV IRUD VSHFLILFDSSOLFDWLRQ6SHFLDODWWHQWLRQ LVSDLG WR WKHDOJRULWKPLF
FRPSOH[LW\ RI FRPSXWLQJ LQIRUPDWLRQ IRU DQ HQWLUH FODVV RI UDWHQ HQFRGHUV:H KDYHPHDVXUHG WKHGHJUHH RI GLIIXVLRQ LQ UDQGRPOLNH
SDWWHUQV1XPHULFDO HYLGHQFH LQGLFDWHV WKH DOJRULWKPLF FRPSOH[LW\ DVVRFLDWHGZLWK SDUWLFXODU QUDWH FRQYROXWLRQDO HQFRGHUV LQFUHDVHV DV
FRQVWUDLQWOHQJWKLQFUHDVHV7KLVRFFXUVLQSDUDOOHOZLWKWKHLQFUHDVHRIHUURUFRUUHFWLQJFDSDFLW\RIWKHGHFRGHURUIUHHGLVWDQFH7KLVSURYHV
WKDW DOJRULWKPLF FRPSOH[LW\ LV D VXLWDEOH PHDVXUH RI WKH TXDOLW\ IDFWRU DORQJ ZLWK RWKHU PHDVXUHV RI WKH ZHLJKW VWUXFWXUH RI WKH FRGH
&RQFHUQLQJDJURXSRIYDULRXV UDWHQ FRQYROXWLRQDOHQFRGHUVZH ILQG WKDWDV WKHQXPEHURIRXWSXW VWUHDPVQ LQFUHDVHV IURP RUQ
GHFUHDVHVIURPWRUDWHFRGHVWKHIUHHGLVWDQFHDOVRLQFUHDVHVZKLOHWKHHQFRGHGGDWDVHTXHQFHPDQLIHVWVORZFRPSOH[LW\LQDOJRULWKP
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